tion between the size of the repeats and the representation of MJD demonstrates that prevalence is not an indirect refl ection of the frequency of large normal alleles. Globally the results obtained are in accordance with a model that postulates the occurrence of a few mutations on the basis of most of the MJD cases worldwide.
Introduction
Short-tandem repeats (STRs) are stretches of repetitive DNA composed of repeat units ranging from 2 to 6 bp, abundantly found in eukaryotic genomes, namely in the human genome. The trinucleotide class of STRs is particularly interesting, since in a considerable number of cases pathologically expanded trinucleotide repeats cause hereditary disorders [1] [2] [3] [4] [5] [6] [7] [8] [9] . Among such disorders is Machado-Joseph disease (MJD) [MIM109150] [10] [11] . MJD is an autosomal dominant neurodegenerative disorder whose gene has been assigned to the long arm of chromosome 14 [10] . Its manifestations include cerebellar ataxia and progressive external ophthalmoplegia, associated in variable degrees with pyramidal signs, extrapyramidal signs, amyotrophy and peripheral neuropathy [12] . MJD is caused by an expanded CAG repeat within the coding sequence of the MJD gene [11] , resulting in the lengthening of a polyglutamine tract in the corresponding protein. Overall, 108 extended MJD families have been described in Portugal, distributed in the Azores Islands and in Mainland Portugal [13 ; Paula Coutinho, personal communication] . Clusters of the disease have been described, namely in the Island of Flores (Azores), where the prevalence of MJD reaches values as high as 1 in 103 [14] [15] . In the MJD locus healthy individuals have 12 to 44 CAG units, whereas in MJD patients the repeat copy number in the expanded allele is between 61 and 87 [16] . With the exception of a healthy individual described by Maciel et al. [16] whose family originated from the Tagus valley, there are no reports of intermediate alleles in normal individuals. The extent to which this could be a consequence of the limited number of population studies is unknown. The genotyping of a random sample of 320 individuals from the general population of the Tagus valley failed, however, to detect individuals carrying intermediate alleles [16] . Access to data from the reference laboratory for MJD in Portugal provides an additional confi rmation of the absence of individuals carrying intermediate alleles [Jorge Sequeiros, personal communication]. On the other hand, although alleles smaller than 61 repeats are not commonly found in the patient population, a few cases of alleles of intermediate size have nevertheless been identifi ed. Takiyama et al. [17] and van Schaik et al. [18] described two patients with a number of repeats in the normal range on one chromosome and with alleles of 56 and 54 repeats on the other, respectively. Furthermore, van Alfen et al. [19] described four members of a Dutch family that had alleles of intermediate length (53 and 54 repeats) and exhibited an unusual MJD phenotype.
The biological basis of repeat expansion is believed to be the instability of the repeats during meiotic and mitotic cell divisions [20] [21] [22] . In expansion disorders a tendency for the expanded alleles to further increase in size in successive generations has been reported, particularly in male transmissions [23] . In MJD, few contractions have been described for the expanded trinucleotide repeats, and a bias in favor of expansions seems to exist [24] , although to a smaller degree than what is seen in Huntington disease (HD) [25] .
Once expanded above a certain threshold the trinucleotide repeat alleles are implicated in the genesis of diseases and thus should theoretically impose a reduction in Darwinian fi tness of their carriers that should lead, over an evolutionary timescale, to the self-extinction of expanded alleles. In accordance with this assumption, it is necessary to explain how the expanded alleles are maintained in human populations throughout time. It was postulated that a mutational bias in favor of expansions existed in trinucleotide repeat loci, suggesting that the large majority of new mutations at these loci originated from the upper end of the normal allele distribution, that would provide a reservoir from which expanded alleles were generated [25, 26] . Support put forward for this model came from the reported association between the prevalence of trinucleotide repeat diseases in specifi c populations and the frequency in these disease loci of alleles with longer repeats [21, [27] [28] [29] [30] . More recently, however, several authors have demonstrated the heterogeneity in the mutational mechanisms underlying the different repeat loci and recognized that CAG repetitive regions with similar characteristics and pathogenicity show very different dynamic patterns [31, 32] . An independent analysis of every gene is thus mandatory; insights derived from the possible association between the epidemiological representation of expansion disorders and patterns of allele distribution in normal populations should also contribute to further defi ne the singularity of each locus. The ability to correlate the prevalence of expansion disorders with the frequency of large normal alleles in the respective loci directly depends on the accuracy of the epidemiological profi le of these disorders. The Portuguese population is extensively characterized at the epidemiological level, resulting from a systematic nationwide survey of MJD that has been going since 1993 [33] . Furthermore, extensive genealogical information concerning the affected families is available [13, 34, 35] . Given the accurate knowledge of the epidemiology of MJD, the Portuguese population provides an adequate background to test several aspects related with the relation between the behavior of the (CAG) n tract of the MJD gene in the normal population and the representation of the disease.
With the purpose of understanding the dynamics of the MJD locus, and of gaining insights into the molecular mechanisms of mutation that lead to the emergence of expanded alleles in the MJD gene, we studied the polymorphism of wild-type MJD alleles in a large representative sample of the Portuguese population. The presence of alleles of intermediate size was ascertained and the existence of a geographic sub-structuring of the MJD alleles was investigated. Finally, the relationship between the frequency of different sizes of the (CAG) n tract and the epidemiological representation of the disease was analyzed.
Material and Methods

Molecular Characterization of the CAG Repetitive Tract
For screening MJD (CAG) n sizes in normal chromosomes, anonymous samples were chosen at random from a Medical Genetics Center, where Guthrie cards are routinely used to screen newborns for genetic disorders (such as phenylketonuria and congenital hypothyroidism). The study was previously approved by the Ethics Commission of this center. In an attempt to obtain a control population which would be representative of the whole country, 1,000 anonymous and randomly selected samples corresponding to individuals born in each of the 20 districts in Portugal (50 individuals per district) were retained ( fi g. 1 ). DNA from the peripheral blood was extracted from the fi lter paper blots using Chelex in a fi nal concentration of 0.8%. Amplifi cation of the CAG repeat-containing fragment of the MJD gene was performed by PCR, using previously described conditions [11] . The size of the PCR products was determined by denaturing 6% polyacrylamide gel electrophoresis, in parallel with a M13 sequence ladder, and visualized by autoradiography.
Statistical Analyses
Analyses were initially performed by global sample and by district. Districts were then grouped according to: (1) geographic localization, and (2) epidemiological representation of MJD. Geographic localization allowed fi ve groups to be defi ned: North (districts of Viana do Castelo, Braga, Vila Real, Porto, Bragança, Aveiro and Viseu), Center (Guarda, Castelo Branco, Coimbra, Leiria, Santarém and Portalegre), South (Lisboa, Évora, Setúbal, Beja and Faro), Madeira Island and Azores Islands ( fi g. 1 ). Epidemiologic representation of MJD was established using the district of origin of the MJD families. To defi ne the district of origin of the Portuguese MJD families we accessed information contained in the patients' ascending genealogies. These genealogies allowed the most remote individual in each family for whom there was indication of an 'affected' status to be identifi ed. Based on this information the patients were distributed according to districts (this measure was termed 'epidemiological representation' of MJD and not 'prevalence' of MJD, since to calculate prevalence the information used is usually relative to the patients' residence). Districts were then classifi ed into 3 different groups: group 1 includes all districts which genealogical data could not identify as being the place of origin of any MJD family (Aveiro, Beja, Faro, Madeira Island, Porto, Viana do Castelo, Vila Real and Viseu); group 2 includes districts with values of epidemiological representation lower than 1/12,000 (Braga, Bragança, Castelo Branco, Coimbra, Évora, Leiria, Lisboa and Setúbal), and group 3 includes districts with values of epidemiological representation higher than 1/12,000 (Azores Islands, Guarda, Portalegre and Santarém).
The mean, variance range and skewness were determined for the distribution of the wild-type MJD alleles in the whole sample using SPSS 9.0.0 [36] . Population conformity with the HardyWeinberg equilibrium (HWE) expectations was tested using the Guo and Thompson [37] exact test with the Genepop package [38] . Bonferroni corrections were applied for multiple testing. Unbiased estimates of Nei's heterozigosity [39] were calculated with the Arlequin package [40] . Population differentiation was tested using the Fisher exact test as implemented in the Arlequin package [40] . Differences in alleles between districts and between groups of districts were evaluated using the Fisher exact test, as implemented in the STRUC program [38] . This program was also used to test the intraand inter-group differentiation, considering the distribution of all alleles. The range of the wild-type alleles was divided into three classes, based on their overall distribution: small (less than 22 repeats), medium (between 22 and 29 repeats) and large (30 or more repeats). All correlations between epidemiological and genetic data were performed using SPSS 9.0.0 [36] . Power analyses were performed using Power and Precision v. 2.0 [41] . In all the analyses a signifi cance level of 0.05 was used.
Results
Distribution of the Wild-Type CAG Repeats in the Total Sample
Twenty-four allelic variants were found for the CAG repeat-containing segment of the MJD gene. Repeat numbers were all in the normal range, varying from 13 to 41 units ( fi g. 2 ). The mean was 21.5 8 5.0. No alleles of intermediate size were found. Alleles with 23 repeats (33.3%) were the most frequent. Besides allele 23, alleles 14 (24.9%) and 27 (11.6%) were clearly more frequent than the remaining. The observed distribution is in accordance with previous reports of the (CAG) n length in the Portuguese population [16] . Allelic size distribution was not normal (Kolmogorov-Smirnov, Z = 8.964; p ! 0.001), showing a negative skew (-0.185 8 0.057), which indicates the presence of a tail below the mode. In fact, nearly 70% of the chromosomes have a repeat size that equals or is inferior to the mode.
All districts exhibited conformity with HWE ( table 1 ).
Observed heterozygosity values were always higher than 67% ( table 1 ) . These values are in accordance with what has been reported for wild-type alleles in other triplet disease loci [42, 43] . The results obtained for gene diversity together with those provided by Hardy-Weinberg calculations indicate that the (CAG) n tract of the MJD gene can be used as a marker in population genetic studies.
Genetic Differentiation
The test of population differentiation based on allele distribution, and performed including all districts, revealed the absence of signifi cant differences between districts (p = 0.196). This result shows the genetic homogeneity of Portugal as a whole, in which the CAG repetitive tract of the MJD gene is involved as a genetic system. The evaluation of differences between pairs of districts detected that only 17 out of 180 pairs compared showed differentiation; Guarda, Lisboa, Setúbal and Aveiro were the most differentiated districts. When the test was performed allele by allele, an analysis of differentiation between the districts revealed signifi cant differences only for allele 18 (p = 0.029). An analysis of intra-group variation considering the groups defi ned in accordance with the geographic localization of the districts did not detect any differences within each group (p = 0.351 for the North, p = 0.829 for the Center, p = 0.117 for the South). In all three cases, the power computed is higher than 0.99 ( ␣ = 0.05, two-tailed). A test of differentiation between the fi ve groups considered revealed that these were not homogeneous (p = 0.022), indicating the presence of a geographical sub-structure in terms of the allelic frequencies. However, an analysis of the 5 groups, performed allele by allele, produced p values lower than 0.05 only for alleles 18, 20 and 23. To exclude the possibility that the absence of signifi cant results in the allele-by-allele comparison could be due to a type II error, we performed a power calculation for each allele. The average power for large alleles (30 or more repeats) was of 0.76, with extremes of 0.64 and 0.87 ( ␣ = 0.05, two-tailed). Moreover, we compared the allele distribution between districts grouping the alleles, no signifi cant differences being detected (exact test, p = 0.662; power = 0.92, ␣ = 0.05, twotailed). These results reinforce the idea that this sub-structuring is not related with the frequency of large sized alleles.
The differentiation tests conducted between pairs of geographic groups indicated that the populations from the Center show signifi cant differences when compared with all the other groups, with the exception of the Azores Islands, which did not show statistically signifi cant differences in any of the differentiation tests performed. The differences detected between Center-North, Center-South and Center-Madeira, are probably due to the distribution of alleles 18, 20 and 23. In fact, alleles 20 and 23 have higher frequencies in the Center when compared to the other groups, whereas allele 18 is relatively underrepresented in this region in contrast to what would be expected. In the North and South groups alleles 20 and 23 show lower frequencies than expected, whereas the opposite happens with allele 18. Additionally, the Center of Portugal shows the lowest heterozygosity (gene diversity) value ( table 1 ) .
Distribution of Repeats and Epidemiological Representation of MJD
A correlation test between the epidemiological representation of MJD observed in the different districts and the frequency of the 3 classes of alleles (small, intermediate and large) in the populations from those districts ( table 1 ) was performed. There were no signifi cant correlations between the values of representation of the disease and the frequency of small, medium or large alleles (Spearman's rho, r = -0.179, p = 0.450; r = 0.271, p = 0.247; r = -0.417, p = 0.068, respectively). The same analysis was performed considering the average value of epidemiological representation of MJD observed in each of the 5 geographical groups (North, Center, South, Madei- 
Discussion
The question of how the trinucleotide repeat loci, currently known to be associated with several human diseases, have evolved into their current lengths and degrees of polymorphism has been the subject of much debate. Various mechanisms have been proposed, but the processes that give rise to expanded alleles that cause disease in the human population remain mostly unexplained. In MJD, several arguments can be put forward to support one or a few mutational events on the basis of cases worldwide, including patients in the island of Flores within the Azores and a small region in the center part of north Portugal. Haplotype studies have shown that most of the mutant chromosomes worldwide share a common haplotype. A second haplotype is present in a subgroup of Portuguese patients on the Azorean Island of S. Miguel and on the mainland of Portugal, as well as in a few Japanese, North American, Brazilian and Spanish families. Two additional haplotypes have been identifi ed, corresponding to a very small proportion of families, which may actually derive from the main haplotypes as a result of mutation of microsatellites [44] . Furthermore, studies associating intragenic haplotypes with intergenerational instability of repeat length in the normal chromosomes of Portuguese origin did not support the assumption of a subset of expansion-prone normal alleles [45] . As the evidence previously reported did not support the hypothesis of multiple mutational events (the mutated/expanded alleles being recurrently generated from the upper-tail of the normal variation), in order to understand the origins of the MJD mutation it was important to consider the information provided by the normal range variation. Availability of an extensively characterized population at an epidemiological level offered a unique opportunity to perform a series of tests, aiming to understand the dynamics of the MJD locus.
The widespread allelic distribution of the wild-type CAG alleles in our population (average of 21.46 8 5.03, coeffi cient of variation of 23.44%) is similar to that presented by Andres et al. [32] for Europeans (average of 21.69 8 5.17, coeffi cient of variation of 23.84%).
The fact that no intermediate alleles were found in this control population of Portuguese origin corroborates the fi ndings of Maciel et al. [16] and is relevant for the molecular diagnosis of MJD. Furthermore, the absence of intermediate or expanded alleles in the normal population is relevant in order to understand the mutation pattern in the MJD gene, which contrasts with what has been observed for the Huntington disease gene, for which both intermediate and expanded alleles were identifi ed in a similar sized sample of the Portuguese population [46] . The presence of distinct dynamics in relation to loci with very similar molecular characteristics is in accordance with what has been reported by Andres et al. [32] , based on the allelic profi le of 8 distinct CAG repeat loci, including the MJD gene. Andres et al. [32] acknowledge the widespread distribution of the wild-type MJD alleles, and attribute it to a high mutation rate following an unrestricted model without any bias to expansion or contraction. With respect to HD, a constrained mutation model with a bias toward expansion could explain the observed allelic frequencies better [32] .
In the Portuguese population, a negative skew for the allele size distribution of the (CAG) n tract in the MJD gene was detected. This fi nding contrasts with what was reported by [47] , who described a positive skew (implying an excess of normal alleles with longer repeats) for the allele size distribution of the MJD alleles in the Japanese population.
No allelic differentiation was detected between districts presenting distinct values of epidemiological representation of MJD. Furthermore, differences between geographical groups were not due to upper-tail alleles. Overall, none of the analyses conducted in this study was able to detect the existence of an association between the representation of MJD and the frequency of large alleles within the normal range.
Understanding the survival mechanisms of deleterious genes such as the MJD gene requires quantifying the selective pressures that it has been submitted to over the generations. In this context, phenotypic variability is a crucial factor for quantifying selective pressure. For MJD, detailed fi tness studies based on the genealogical reconstruction of the Portuguese affected families demonstrated that selection in the MJD locus only occurs relative to the early onset of more severe forms [48] . Since there is a correlation between early onset forms of the disease and larger expansions, larger alleles will also be selected against. Furthermore, these studies also demonstrated that patients with milder forms of the disease and onset after their reproductive period ( 1 40 years) presented no differences in the fi tness values in comparison to the controls [34, 35, 48, 49] . We can therefore imagine a mechanism for maintaining the MJD gene in the populations that postulates the existence of a few founding chromosomes from which all families originated. Selection against early onset (more severe) forms with larger expanded alleles would prevent the successive increase of allele size over the generations, whereas a normal fi tness value for later onset (milder) forms of the disease would keep the remaining expanded alleles within the population.
In conclusion, our results obtained for MJD in a large sample of a population in which extensive epidemiological studies have been performed demonstrate that the epidemiological representation of the disease is not an indirect refl ection of the frequency of the large normal alleles. These results, associated with the absence of intermediate alleles in the normal population and with the negative asymmetry of the distribution of the normal alleles, are in accordance with a model that postulates the presence of a few mutational events from which most of the MJD cases worldwide have originated.
